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ABSTRACT: Photo-polymerization behaviors of bisphe-
nol-A epoxy diacrylate (EPA) and six kinds of EPA-
derived resins containing different amounts of carboxylic
acid, urethane, amide, and imide groups were studied by
a photo differential scanning calorimetry. The dark poly-
merization was performed and pseudo-steady state
assumption of growing radicals was made to obtain the ki-
netic constants for propagation, bimolecular termination,
monomolecular termination, and the concentration of
growing radicals of different resins as a function of extent
of reaction. Compared with EPA, it was found that the
rate of polymerization and kinetic constants of the six res-

ins were relatively small because the mobility of reacting
species in resins was restricted by carboxylic acid, ure-
thane, amide, and imide groups. Finally, three different
photo-initiators were used to initiate the polymerization,
and their kinetic behaviors were compared. The effect of
tertiary amine group of photo-initiator on the rate of poly-
merization of resins having carboxylic acid group and the
initiator efficiency were discussed. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 115: 1982-1994, 2010
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curable resins

INTRODUCTION

Photo-polymerization of multifunctional monomers,
oligomers, and polymers has attracted a lot of atten-
tion due to their great reactivities. They are widely
used in various industries, such as protective and
decorative coatings, photo-resists, orthopedic bioma-
terials, and dental restoration applications.'” In
recent years, the kinetics of photo-polymerizations of
various types of multifunctional (meth)acrylates has
been widely investigated in many studies. It was
found that the rate of polymerization (R,) increased
rapidly at the beginning of polymerization, reached
a maximum, and then decreased with time. It was
because the viscosity of reaction medium increased
with conversion due to the increase in molecular
weight and the restricted mobility of cross-linked
pc>lymer,4_9 therefore, the kinetic constant became
conversion-dependent which resulted in different R,
upon irradiation.

Mateo et al.® investigated the kinetic behavior of
photo-polymerization of ethylene glycol dimethacry-
late. They found that the kinetic constants, such as
propagation rate constant (k,) and bimolecular termi-
nation rate constant (k’;), decreased with double-
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bond conversion, especially at a high double-bond
conversion, indicating that the kinetic behavior was
strongly influenced by the viscosity of reaction me-
dium. Andrzejewska et al.>” reported the photo-po-
lymerization of triethylene glycol dimethacrylate.
They found that the termination reaction occurred
by both bimolecular and monomolecular termina-
tions. They also found that the k/k, ratio decreased
from the beginning of polymerization and then with
a tendency to a plateau value due to the decrease in
mobility of growing radicals during polymerization.
Several kinds of multifunctional (meth)acrylates
having polar functional groups such as carboxylic
acid (COOH) group have been developed which is
to be applied in some specific fields such as micro
image in optoelectronic industry.'>* For example,
Nishikubo and coworkers'' disclosed a hyper-
branched polyimide methacrylate containing a
COOH group at the chain ends, which could be
used in the negative photo-resist application. Decker
et al."> synthesized several types of waterbased ure-
thane acrylates also containing a COOH group. This
kind of waterbased urethane acrylate could replace
the role of toxic acrylic monomer diluent in coating
applications due to their environment-friendly prop-
erties. However, the polar functional groups in mul-
tifunctional acrylate would affect the curing rate of
polymerization. Decker and coworkers' found that
the final double-bond conversion decreased as the
concentration of COOH in urethane acrylate



PHOTO-POLYMERIZATION OF UV-CURABLE RESINS

increased. In addition, Cook'* investigated the influ-
ence of molecular structure on the final conversion
and he found that the curing extent of bisphenol-A
based dimethacrylate oligomer (bis-GMA) having a
hydroxyl group was generally lower than that of the
identical oligomer yet without the hydroxyl group
(diethoxylated bisphenol-A dimethacrylate). It was
because the mobility of the bis-GMA was restricted
by hydrogen bonding from hydroxyl groups, leading
to a reduced value of final double-bond conversion.

This study is focused on the influence of different
functional groups such as carboxylic acid and amino
groups in the reaction system on the kinetic behav-
ior of photo-polymerization because they were less
discussed in literatures. Several kinds of resins con-
taining different amounts of carboxylic acid, ure-
thane, amide, and imide groups were prepared from
a starting material, bisphenol-A epoxy diacrylate
(EPA). These EPA-derived resins are practical for
commercial applications, such as carbon black-con-
taining photo-resists in the application of liquid
crystal display industry.”'® The R,s of these differ-
ent resins were monitored by a photo differential
scanning calorimeter. The individual kinetic con-
stants for propagation, bimolecular termination,
monomolecular termination (k}"), and concentration
of growing radicals ([P;]) were also estimated to
compare the effects of different functional groups on
the kinetic behavior of resins. Furthermore, three dif-
ferent photo-initiators (PIs) were used and the influ-
ences of tertiary amine of PI on the initiator effi-
ciency (f), concentration of growing radicals,
and rate of polymerization were also discussed in
depth.

REACTION MECHANISM AND KINETIC
ANALYSIS

Principal reactions

The principal reactions of photo-polymerization of
UV-curable resin initiated by a Norrish-Type I
photo-initiator are listed in the following reactions

(a)=(d).

(a) Initiation:

pI %Y oR*
R*+M — P}

(b) Propagation:

* k" *
Pn +M — Pn+1

1983

(c) Bimolecular termination:

b

k
P: + Py —Puim

(d) Monomolecular termination:
(1) Radical-transfer reaction to aromatic
ring of resin

P: 4+ Ar—H ™ pH + Ar*

(2) Radical-trapped reaction by the polymer
network

w K
Pﬁ - (P;)trapped

where Pl is the photo-initiator, R* is a primary radical,
M is the species containing C=C, Pf, P%, and P} are
growing radicals, P,y is a dead polymer from
bimolecular termination, P,H is a dead polymer
produced by radical-transfer reaction to aromatic ring
of resin, Ar-H is an aromatic ring of the resin, Ar*is an
inactive phenyl radical on the main chain of resin, and
(P3 )trappea is an inactive radical trapped by the
polymer network.

The polymerization is started by the dissociation
of PI upon UV irradiation to produce two primary
radicals, R*. The dissociation rate of PI is assumed
to decay exponentially during UV irradiation. Only
a portion of primary radicals from PI can react with
a C=C to form a growing radical P{, as described
by an initiator efficiency; and the polymerization can
take place through the propagation reaction of C=C
to growing radicals. The propagation rate constant
k, is nearly a constant from the beginning to a cer-
tain extent of reaction. After that, the reaction me-
dium becomes so viscous that the reaction turns out
to be diffusion-controlled and the k, value then
drops off substantially with conversion. This drop of
k, results in a decrease in rate, i.e., auto-deceleration
effect.”'71®

Radical termination reactions also occur. In most
cases, only bimolecular termination reaction [reac-
tion (c)] is considered as a linear free-radical poly-
merization. However, in a crosslinking free-radical
polymerization system, both bimolecular and mono-
molecular termination reactions are thought to be
important.*” The bimolecular termination occurs
between two growing radicals. In multifunctional
(meth)acrylate systems, the k! is conversion-depend-
ent, but the relationship is more complex than that
between k, and conversion.”'”'® At the beginning of
polymerization, k! changes from chemical control to
segmental diffusion control as the polymeric net-
work forms. This effect leads to a decrease in k!, an
increase in the population of growing radicals, and a
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corresponding increase in the rate of polymerization,
i.e.,, auto-acceleration effect. As the polymerization
proceeds, k! still decreases but its decreasing rate is
not as large as that in the auto-acceleration region.
At this stage, growing radicals would be in a more
restricted environment and have difficulties to move
toward to each other for termination. Instead, the
growing radical can propagate through unreacted
double bond until encountering another growing
radical to terminate. This kind of termination is la-
beled as reaction-diffusion controlled termination
and kﬁ’ is almost proportional to k,[M], where [M]
is the corresponding concentration of double
bond.*171? As the polymerization proceeds fur-
ther, a decrease in k'f with conversion is still
observed due to the drop of k.

Two kinds of monomolecular termination reac-
tions are considered: radical-transfer reaction to the
aromatic ring [reaction (d)-1]*>%°2! because the res-
ins used in this study all have aromatic group, and
radical-trapped reaction by the polymer network
[reaction (d)-2].°”** Since the growing radical
becomes less and less mobile with an increase in
crosslinking density during polymerization, radical-
transfer reaction to aromatic ring is hindered and its
rate constant, kgy, would decrease with conversion.
On the other hand, another monomolecular termina-
tion reaction, radical-trapped reaction by the poly-
mer network, becomes more and more important
and the rate constant, ki.p, would increase as poly-
merization proceeds because the growing radical
becomes less and less mobile, indicating more and
more growing radicals are frozen in the polymer
network.

To obtain individual kinetic constants for propaga-
tion, bimolecular termination, and monomolecular
termination (including radical-transfer reaction and
radical-trapped reaction) as a function of extent of
reaction, a series of dark polymerization experiments
was performed in this study. In these experiments,
the UV light source was extinguished at a given
time, and the polymerization rate in the dark was
still monitored by the photo-DSC. The decrease in
rate was observed until the polymerization almost
stopped.

As mentioned earlier, the termination process was
considered as the simultaneous occurrence of bimo-
lecular and monomolecular termination reactions.
The monomolecular termination reaction constant
comprises kiap and kg [Ar-H], but they can not be
separated by the dark polymerization method. For
simplification, kirap+ kre[Ar-H], is replaced by k", in
which [Ar-H] is assumed to remain constant during
polymerization. Therefore, in the absence of initia-
tion, i.e., in the dark period, the kinetic equations for
growing radicals and rate of polymerization are
described below:

Journal of Applied Polymer Science DOI 10.1002/app
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d[P, s
dt

= —K}'[P;); — 2K/ [P @)

dx

Rp:—a_

k(1 = x)[Prl, )
Assuming k,, k!, and k" are approximately con-
stant during the dark polymerization period, [P ],
(the instantaneous growing radical concentration in
the dark period) can therefore be obtained by a

direct integration of eq. (1)
Pl _ 1

n

[Pilao (zkﬁ’u’i]w N 1) Gt _ 2Pilso

)

k7 %

where ¢t is the time from the start of dark polymer-
ization and [P ]s0 is the growing radical concentra-
tion at the time of closing the shutter.

Afterwards, the growing radical concentration in
the dark, [Py ]4 in eq. (3) is substituted into eq. (2) to
obtain the relationship of conversion with time as
given in eq. (4)

1 — X0 . kP[P;]d,O Zk? % kit
(73 =2y (1 R P =)
(4)

Xo and x are referred to the double-bond conversion
at t = 0 and the time from the start of dark polymer-
ization, respectively. The value of k,[P7]io is calcu-
lated from the rate of polymerization divided by the
value of 1 — x( at the time of closing the shutter.
The following eq. (5) shows the relationship between
K[P#]40 and k" obtained by setting the time to be infi-
nite in eq. (4), in which the value of In[(1 — x0)/(1 —
x)]— o0 can be acquired from the experimental data.

1—xo ky[Prla0 2k P40
1 =——>In(14+—Fu— 5
(- x>m T S v

By differentiating eq. (3) with respect to time at
t = 0, another equation relating k’[P],0 with k" can
be obtained as given in eq. (6). The value of d([P5 ],/
[P3a0)/dt at t = 0 is equal to d[(R,/(1 — x))/(R,/(1
— xg)]/dt at t = 0 and it can be calculated from the
experimental data.

A(1P314/ P30
dt =0
_dl(Ry/ (1= 1)/ (Ry/ (1~ x0))]
dt t=0
=~ (2KP;l40+K") (6)

Substituting the relationship between kY[P%];0 and
ki* of eq. (6) into eq. (5), the individual kinetic con-
stants, kf [P5]a0 and k)", are then obtained.
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Scheme 1 Molecular structures of EPA, A1, A2, A3, B1, B2, and B3.
According to the pseudo-steady-state assumption [Pt = Ri
of growing radicals at the time of closing the shutter ’
shown in eq. (7), [PZ];0 can be calculated from the

KByl + K7

1985

(®)

rate of initiation divided by the value of (2k![P%];0  Where R; is the rate of initiation, and it is equal to
+ k}') as shown in eq. (8). 2fkallloexp(—kat). k; is the decomposition rate con-
stant of PI, f is the initiator efficiency, [I], is the con-

Ri — k['[P}]10 — 2K/ [Py]30 = )

centration of PI before UV irradiation, and ¢ is the
reaction time during irradiation. Afterwards, the

Journal of Applied Polymer Science DOI 10.1002/app
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individual kinetic rate constants, k, and kf, with
different extent of reaction are then calculated from
the values of k,[P#lso and k![P¥lso divided by
[P ]a0.

EXPERIMENTAL
Materials and methods

Bisphenol-A epoxy diacrylate (EPA, AGI) and six
kinds of alkali-soluble resins were prepared to inves-
tigate the effect of functional groups on the photo-
polymerization. The procedures to synthesize alkali-
soluble resins were described elsewhere,'>® but
their structures and concentrations of functional
groups are listed in Scheme 1 and Table I, respec-
tively. The rate of polymerization of resin was deter-
mined by a photo-DSC (Perkin—Elmer Diamond DSC
coupled with EXFO OmniCure Series 2000) and the
experimental procedure is described in the
following:

Sample was first prepared by dissolving specific
amounts of resin (10 wt %) and PI (0.1 wt %) into
the solvent, propylene glycol monomethyl ether ac-
etate (PGMEA, Grand Chemical). Several different
kinds of PI were used here for comparison,
namely, 2,4,6-trimethyl benzoyldiphenyl phosphine
oxide (Luicirin TPO, BASF), 2-methyl-1-4-(metylth-
io)phenyl)-2-morpholino-propan-2-one (1907, Ciba),
and  2-benzyl-2-dimethylamino-1-(4-morpholino-
phenyl)-butan-1-one (I369, Ciba). Approximately 30
mg of the above solution was dropped into an alu-
minum pan by a micro-pipette. It was then care-
fully placed into an oven at 50°C for 1 h to evapo-
rate the solvent. The sample was removed from the
photo-DSC, covered by a quartz glass, and equili-
brated at 50°C for 10 min. Polymerization was initi-
ated by the irradiation of UV light in a nitrogen
atmosphere. The light intensity was 1.3 mW/cm?,
and the wavelength range of light is 250-450 nm.
In addition to the continuous irradiation, a series
of dark polymerization experiment was also car-
ried out to obtain individual kinetic constants. In
these experiments, light was extinguished by clos-
ing the shutter after a certain time of UV irradia-
tion, and the heat of polymerization was still moni-
tored in the dark for 3 min.

The molar amounts of acrylate, methacrylate, and
maleate double bonds per kilogram of various res-
ins are listed in Table I. However, the heat of reac-
tion from acrylate, methacrylate, and maleate
groups of resins cannot be separated by the photo-
DSC experiment; therefore, the rate of polymeriza-
tion is assumed to be an average consumption rate
of acrylate, methacrylate, and maleate groups. The
average reaction rate can be therefore defined as
follows™*;

Journal of Applied Polymer Science DOI 10.1002/app

TABLE I
Functional Group Concentration of EPA, A1, A2, A3, B1, B2, and B3

=C )
C-mol/kg)

Total amount of C

(mol/ kg)i double bond (C

Maleate

Methacrylate
(mol/kg)"

(mol/kg)® (mol/ kg)f (mol/kg)®

(mol/kg)?

Imide group NH group Carboxylic acid Aromatic ring Acrylate
(mol/kg)*

Molar ratio

Components®

Resin®

R RCRCEN NS
O — NI NN LW

e} Lo
OOONOON

1.1
0.6

1.7
2.6

2.8
1.1

3.9
2.1
2.5

55
37

3.7
45

5.1
5.7
3.2

51
2.3
3.0
2.2
1.5
1.7

1.6
0.9
2.0

0.7

0.2

1
:2:2

EPA : BTDA : IPDI-HEMA 5:4:267

EPA : MA : IPDI

5:10:4

1

EPA : BTDA
EPA : BTDA
EPA : BTDA : IPDI-HEMA

EPA
EPA : MA

EPA
Al
A2
A3
B1
B2
B3

KUO, CHIU, AND DON

ynthesized from Al and A2 with different molar amounts of HEMA-IPDI monomer. B3 was synthesized from A3 with IPDL
BTDA is benzophenone tetracarboxylic dianhydride; MA is maleic anhydride; HEMA is 2-Hydroxyethyl methacrylate; IPDI is isophorone diisocyanate; HEMA-

# Al and A2 were synthesized through an esterification with different molar ratios of EPA to BTDA. A3 was synthesized from EPA with MA through an esterifica-
IPDI is an isocyanate-containing methacrylate monomer synthesized by an equal mole of HEMA and IPDI.

tiobn. Bl and B2 were s

groups of Bl and B2 were determined by the comparison of FTIR absorption spectra before and after reactions.
Concentration of NH group is calculated by subtracting concentration of imide groups from total concentration of urethane, amide, and imide groups calculated

¢ Concentration of imide
according to the composition.

d

g is calculated from composition.
, methacrylate, and maleate groups are calculated from composition, respectively.

group was determined by a titration method.

Concentration of aromatic rin,
8 i Concentration of acrylate

J Total amount of C

C double bond equals to the sum of acrylate, methacrylate, and maleate groups.

¢ Concentration of COOH

f
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dx 1 dH
Rp B E N AI_Itotal (dt) T (9)

where dx/dt (1/s) is the average rate of polymeriza-
tion; x is the average double-bond conversion; ¢ (s)
is the reaction time; (dH/dt)r (kJ/s) is the heat flow
at a constant temperature recorded by the photo-
DSC; AHiotal (K]) is the total exothermic heat of poly-
merization and defined in eq. (10).

AHiora1 = (AHY x 1y + AH) x 12 + AH3 x n3) x m
(10)

where AHY, AHY, and AH] are the theoretical heat of
reaction of the acrylate, methacrylate, and maleate
double bond, 78, 56, and 60 kJ/mol,*>?° respectively;
ny, 1y, and nz (mol/kg) are the mole of acrylate,
methacrylate, and maleate double bond per kilogram
of resin, respectively; m (kg) is the weight of resin in
samples. The extent of reaction (reacted C=C-mol/
kg) over the reaction time is thus calculated accord-
ing to eq. (11).
. _(n1+n2+n3)/t<dH>
Extent of reaction AHon @ Tdt (11)

UV/Vis spectrometry

PI and 226,6-tetramethylpiperidinooxy (TEMPO,
ACROS) were dissolved in PGMEA solution. The con-
centration of PI and TEMPO in PGMEA were 1.6 x
102 and 64 x 102 mol/kg, respectively. Approxi-
mately 3 mL of the above solution was dropped into a
tissue culture dish with a diameter of 6 cm. It was
then irradiated by UV light with the light intensity of
1.3 mW/cm? for a given time period. Afterwards, the
PI/TEMPO solution was dropped into a quartz cell
with a path length of 1 cm and the absorption spec-
trum of this solution was recorded by using an UV/
Vis spectrophotometer (ThermoSpectronic HEAIOS).
The PI/TEMPO solution in the cell was subjected to
UV/Vis light between 350 and 700 nm. The data inter-
val was 1.0 nm. The photolysis of PI was monitored
by measuring the change in the maximum absorption
peak of TEMPO.

RESULTS AND DISCUSSION

Rate of polymerization by continuous
UV-irradiation

From the kinetic point of view, photo-polymeriza-
tions of multifunctional resins are very complicated
due to the fast reaction rate and a rapid increase in
viscosity with an increase in crosslinking density.

1987

0.01 =

R,(s™)

1E-3 o

. e -

\"' :?\'\. “y
T

0.0 05 10 15 20
extent of reaction (reacted C=C-mol/kg)

Figure 1 R,-extent of reaction curves of different resins
initiated by TPO. The intensity of UV light is 1.3 mW/ cm?
and the irradiation time is 8 min. The complete extent of
reaction of each resin is listed in Table I

Therefore, kinetic constants of multifunctional resins
are extremely dependent on the mobility of reacting
species.

By using the same photo-initiator TPO, Figure 1
shows the rates of polymerization versus extent of
reaction of several kinds of multifunctional resins
with different concentration of functional groups.
For all resins, a rapid increase in R, at the early
stage of polymerization was observed. It was attrib-
uted to the decrease in termination rate which
resulted from diffusion limitation of growing radi-
cals, i.e., auto-acceleration effect. After the polymer-
ization passed through R, max, R, kept decreasing
with time. It was because the crosslinking density of
reaction medium was getting higher and higher, and
the mobility of growing radicals continued to
decrease; which resulted in the decrease of R, with
time. Eventually, the crosslinking density was high
enough to bring the reaction medium into a highly
viscous state, causing the cease of reaction.

As mentioned in introduction, the polar functional
groups of resin, such as hydroxyl group, can pro-
duce hydrogen bonding which reduces the mobility
of reacting species and final double-bond conver-
sion.'* Taking EPA and A3 for examples, both EPA
and A3 could produce intermolecular hydrogen
bonding by hydroxyl group and COOH group,
respectively, but R, .« of A3 was approximately
five times smaller than that of EPA, indicating that
intermolecular hydrogen bonding by COOH groups
was stronger than that by hydroxyl groups. Hence,
the restricted mobility of A3 by stronger hydrogen
bonding from COOH groups resulted in a smaller
R,.
pCompared with EPA and A3, even smaller R,s
were observed for the other resins in Figure 1.
Unfortunately, the structures of these resins are not

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 R,-time curves for eight different dark polymer-
izations of B2 initiated by TPO. The upper curve corre-
sponds to the polymerization during the continuous
illumination.

as simple as EPA and A3, because they contain not
only COOH group, but also other kinds of func-
tional groups, such as urethane, amine, and imide
groups. The COOH, urethane, amine, and imide
groups of these resins could produce hydrogen
bonding with each other, which also limited the mo-
bility of reacting species. Therefore, the relationship
between these functional groups and R,s could not
be easily explained by R, versus extent of reaction
curve. In view of this, various kinetic rate constants
of these resins were calculated by using a method
which combined the dark polymerization and
pseudo-steady state assumption of growing radicals
to discuss the effect of different functional groups
on the kinetic behavior of EPA-derived resins.

Rate of polymerization using the dark
polymerization method

Figure 2 shows the representative kinetic curves of
resin B2 using TPO photo-initiator in a dark poly-
merization method, where rate of polymerization,
conversion, and extent of reaction could be calcu-
lated from these curves [cf. egs. (9)—(11)]. The curve
of ky[P%lso at the time of closing the shutter could
be calculated using eq. (2). Subsequently, the ratio of
the growing radical concentration in the dark at any
time to that at the time of closing the shutter, [P5 ];/
[P¥1i0, could also be obtained. The differentiation
curve of [P¥];/[P% 1.0 with time was thus calculated
and shown in Figure 3. By the combination of egs.
(5) and (6), K[P%ls0 and k" values were then
obtained. To separate k, and kf from k,[P}]s0 and
K[P140, [P#lso has to be known first. Therefore,
according to eq. (8), R; has to be determined to
obtain all the kinetic rate constants of resins.
Norrish-Type I PIs were used in this study, which
can produce radicals by the photo-cleavage mecha-

Journal of Applied Polymer Science DOI 10.1002/app
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0.02 =
0.00
0023 -—
004 -

008 J

-U.UB-‘
0.0 ]
042 4
044 ]
«0.18 =
0.8 o
020 ]
022
-D.Eﬂ-‘
-0.28 -
030 3 ' ,

P, P, ot

time(s)

Figure 3 The d([P;]d/[P2]d,0)/dt-time curve is obtained
by the differentiation of [R,/(1 — x)]/[R,/(1 — xo)]-time
curve. The value of d([P;]d/[P2]d,0)/dt at t = 0 is equal to
— (kTP 14,0+K).

nism. To calculate the decomposition rate constant
(kg) of PI, an efficient radical scavenger, TEMPO,
was used. PI and TEMPO were mixed together and
the k; of PI was then calculated by monitoring the
UV absorption peak of TEMPO during UV irradia-
tion. As shown in Figure 4, the absorption peaks of
TPO and TEMPO were at 381 and 470 nm, respec-
tively, and they both decreased in intensity during
UV irradiation. The decrease in absorbance at 470
nm is due to the consumption of TEMPO by the
reaction which produced radicals from PL On the
basis of the first order kinetic assumption, the k; can
be calculated according to the following equation:

%) _ <A0 —Ai> _
ln<[PI]t i At—Ai 470nm kdt (12)

time(s)
0
= ==100

- =500
=.im: 1000
«<=-2000
cutreenines 4000

Absorbance

350 400 a0 800 550 800 050 70¢
wavelength(nm)
Figure 4 The absorption spectra of TPO/TEMPO mixture

in PGMEA during irradiation. The intensity of UV light is
1.3 mW/cm?.
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Figure 5 Linear plots of In[(Ay—A;)/(A;—A;)] versus time
of TPO, 1369, and 1907.

where [PI]y and [PI]; denote the concentration of
TPO at the exposure time of 0 and f. Ay, A;, and A;
are the absorbances of TEMPO at 470 nm at expo-
sure time of 0, t, and infinite time, respectively. k;s
of different PIs were then obtained from the slop of
the In[(Ao—A;)/(A;—A;)] versus time as shown in Fig-
ure 5.

Besides, the initiator efficiency (f) of PI needs to be
assumed to obtain R; value. In the crosslinking poly-
merization system, the initiator efficiency is rela-
tively small compared with the linear polymeriza-
tion system. This is because the viscosity of the
crosslinking polymerization system is relatively
high, which limits the mobility of primary radicals.
The resins used in this study are either highly vis-
cous liquid or solid at room temperature, therefore,
the frpo is assumed to be 0.3.%2 Once R; is known,
[P 110 can be calculated according to eq. (8). There-
fore, all the kinetic constants, k,, k?, and k}' were
solved. The same procedure was applied to the other
resins to obtain their kinetic constants.

Effect of different functional groups on k,

Figure 6 shows the experimentally determined k,
values of different resins. Apparently, for all resins,
the k,s remain unchanged only for a very short pe-
riod of time. As the polymerization proceeded, the
reaction medium already became very viscous, and
the mobility of double bond continued to decrease,
therefore, k, became diffusion-controlled and
decreased significantly. Finally, the value of k, was
so small that no further reaction was observed, even
though a large amount of unreacted double bonds
still remained in the reaction medium.

Among all resins, the k, of EPA was the largest
because the mobility of reaction species was only
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limited by a weak intermolecular hydrogen bonding
from hydroxyl groups. However, the k,s of other
resins were much lower than that of EPA. For
instance, the k, of A3 was about 10 times smaller
than that of EPA because the mobility of A3 was
strongly restricted by the intermolecular hydrogen
bonding from COOH groups.

The other resins contain not only COOH group
but also amino groups (urethane, amide, and imide
groups), which produce hydrogen bonding.”’** The
mobility of reacting species is thus restricted by
hydrogen bonding, causing the changes of ks of res-
ins. The influence of the concentration of COOH
group on k, can be discussed by the comparison
between resins Al and A2 because their molecular
structures are similar. The concentration of COOH
of A1 was higher than that of A2, and the k, of Al
was smaller than that of A2. Therefore, we believe
that stronger hydrogen bonding produced from
higher concentration of COOH group leads to a
smaller k, value.

The influence of amino functional groups on k,
can be discussed by comparing A series with B se-
ries of resins, because B series of resins were synthe-
sized from A series of resins with isocyanate-con-
taining compounds to form urethane, amide, or
imide group. As listed in Table I, although the con-
centration of COOH group of B3 was smaller than
that of A3, k, of B3 was still smaller than that of A3.
It was because B3 had not only COOH group but
also NH group, both of which would produce
hydrogen bonding. The total concentration of COOH
and NH groups of B3 was calculated as 3.7 mol/kg,
larger than that of A3 (3.0 mol/kg). Therefore, we
believe that the total intermolecular interaction of B3
was larger than that of A3, thus leading to a smaller
k, value for B3.
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Figure 6 The relationship between k, and the extent of
reaction of different resins.
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Figure 7 The relationship between k! and the extent of
reaction of different resins.

According to the above discussion, k, decreases
with the total concentration of COOH and NH
groups. However, the k, of B1 was smaller than that
of Al although the total concentration of COOH and
NH groups of Bl (3.8 mol/kg) was smaller than that
of Al (5.1 mol/kg). As shown in Scheme 1 and Ta-
ble I, Bl contained imide group at the concentration
of 0.7 mol/kg which is rigid and can also form
hydrogen bonding with COOH and NH groups to
make the reaction species of Bl less mobile, resulting
in a smaller kp value. Besides, the smaller kp of B2,
compared with A2, was also observed, especially at
higher extent of reaction. Although the total concen-
tration of COOH and NH groups of A2 and B2 were
close to each other, B2 had imide group (0.2 mol/
kg), which also limits the mobility of double bond
and leads to a smaller k.

Effect of different functional groups on kY

Figure 7 shows the k? values of various resins as a
function of extent of reaction. For all resins, k?
decreased with the extent of reaction because the
mobility of growing radicals decreased due to the
increasing viscosity of reaction system. In general, k¥
for small molecules such as reactive diluents largely
decreases at the initial stage of polymerization as the
bimolecular termination is controlled by segmental-
diffusion. As the polymerization proceeds, k%
changes to a plateau value because the bimolecular
termination becomes reaction-diffusion controlled. In
contrast to the reactive diluents, no large decline in
k! for the resins used in this study was observed at
the beginning of polymerization. Because the resins
are either highly viscous liquid or solid, we believe
that the bimolecular termination was dominated by
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reaction-diffusion controlled termination almost over
the whole range of polymerization.

The effect of different functional group on k! is
also discussed by comparison between different res-
ins. At the same extent of reaction, the k! of EPA
was the highest in all resins. It was because of its
weak intermolecular hydrogen bonding from
hydroxyl group, leading to a less viscous reaction
system and a higher mobility of growing radicals.
For the other resins, the mobility of growing radicals
was largely restricted by COOH and amino groups.
By the comparison between Al and A2, it was found
that the k¥ of A1 was smaller than that of A2, indi-
cating that k! decreased as the concentration of
COOH group increased. By comparing A3 with B3,
it was found that the k¥ of B3 was slightly smaller
than that of A3. It was because the total concentra-
tion of COOH and NH groups of B3 was slightly
larger than that of A3. Therefore, the mobility of
growing radicals and k¥ in B3 were lower because of
its stronger hydrogen bonding than A3.

Another interesting behavior observed in this fig-
ure was that the k% of Bl was much smaller than
those of other resins. This implies that the mobility
of growing radicals of Bl was extremely restricted.
This is because Bl contains imide group which is
rigid and can form hydrogen bonding with COOH
and NH groups to cause a greater decrease in the
mobility of growing radicals and kV. The k! of B2
was also small compared to other resins; however, it
was not as small as that of Bl. Since the concentra-
tion of imide group of B2 was smaller than that of
B1, the mobility of growing radicals in B2 was less
restricted than B1.

Effect of different functional groups on k}*

The monomolecular termination comprises two reac-
tions: radical-transfer reaction to aromatic ring of
resin, and radical-trapped reaction by the polymer
network, therefore, the k}" is assumed to be equal to
kre[Ar-H] + kirap. As the polymerization proceeds,
the reaction medium becomes more and more vis-
cous, causing the growing radicals less and less mo-
bile. This would result in a decrease in kg, and an
increase in ky,p, with the extent of reaction. Because
these two termination reactions compete with each
other, we can not forecast the trend of k}' with extent
of reaction.

k" was obtained by solving egs. (5) and (6) accord-
ing to the dark polymerization method, and the cal-
culated k" values of various resins at different
extents of reaction were shown in Figure 8. Appa-
rently, ki's of all resins decreased from the beginning
of polymerization, and then reached an almost
unchanged value after a certain extent of reaction.
As mentioned earlier, the kg [Ar-H] should keep
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Figure 8 The relationship between k}' and the extent of
reaction of different resins.

decreasing with polymerization because the mobility
of growing radicals was restricted by the increasing
viscosity in reaction medium. Therefore, we believe
that the monomolecular termination at the beginning
of polymerization was dominated by the radical-
transfer reaction to aromatic ring of resin rather than
radical-trapped reaction by the polymer network,
i.e., k' was almost equal to kg,[Ar-H]. However, the
value of k}' in Figure 8 did not keep decreasing at
high extent of reaction; instead, it remained an
almost constant value. Therefore, we believe that the
monomolecular termination at later stage of poly-
merization was also influenced by another kind of
monomolecular termination, radical-trapped reaction
by the polymer network. At later stage of reaction,
the kg became negligible but the viscosity was so
high that k., became important and even domi-
nated. Finally, k" was almost equal to k.p, and the
monomolecular termination was dominated by radi-
cal-trapped reaction by the polymer network.

At the early stage of polymerization, ki" was de-
pendent on the mobility of growing radicals and the
concentration of aromatic ring, i.e., k' = krn[Ar-H].
As shown in Figure 8, the k}" value of EPA was the
largest in all resins. It was because the mobility of
growing radicals in EPA at early stage of polymer-
ization was high, besides, the concentration of aro-
matic ring was high, about 5.1 mol/kg. By contrast,
the mobility of growing radicals in other resins was
strongly restricted by COOH and amino groups,
thus a decrease in k' was observed.

The effect of the concentration of COOH group on
kg of resin is discussed by the comparison between
Al and A2, and it was found that the k" of Al was
smaller than that of A2. As listed in Table I, the con-
centrations of aromatic ring of these two resins were
almost the same, therefore, the kg, of A2 was larger
than that of Al, indicating that kg, was lowered
with a larger concentration of COOH group.
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It was found that k}'s of A3 and B3 were almost
the same. As shown in Table I, both the total con-
centration of COOH and NH groups, and the con-
centration of aromatic ring were close for A3 and
B3, resulting in a similar value of ki". Figure 8 also
shows that the k' of B1 was the smallest in all res-
ins. It was because the mobility of growing radicals
in Bl was strongly restricted by imide group, even
though the concentration of aromatic ring of Bl was
not the lowest. Besides, the plateau region of k' of
Bl began at a relatively low extent of reaction of
0.04 (reacted C=C mol/kg), indicating that the
monomolecular termination of Bl was almost domi-
nated by radical-trapped reaction by the polymer
network. This is not surprising because the mobility
of growing radicals was strongly restricted by imide
group. By contrast, the constant value of k" of other
resins, such as A3, began at a higher extent of reac-
tion of about 1.0 (reacted C=C mol/kg). This also
confirms that the mobility of growing radicals in Bl
was much smaller than that of other resins.

Concentration of growing radicals during
polymerization

The relationship between the concentration of grow-
ing radicals and the extent of reaction is shown in
Figure 9, in which [P}] is equal to [Pj]s0. Appa-
rently, the increased population of [P3] for all resins
was observed from the starting of polymerization,
because both k¥ and k" decreased as the reaction me-
dium became more and more cross-linked. There-
fore, growing radicals were terminated more and
more difficultly, i.e., [PA] increased with the extent
of reaction. The [PZ] of EPA increased slowly and
was the smallest in all resins because both k! and k"
were the largest. On the contrary, the [Py] of Bl
accumulated rapidly and was the largest in all
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Figure 9 The relationship between [P} ] and the extent of
reaction of different resins. The PI is TPO and the intensity
of UV light is 1.3 mW/cm?.
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Figure 10 R,-extent of reaction curves of B2 initiated by
TPO, 1369, and 1907, respectively. The intensity of UV light
is 1.3 mW/cm? and the irradiation time is 8 min.

resins, which could slightly improve rate of poly-
merization even though its k, was the lowest in all
resins. As the mobility of growing radicals in Bl
was strongly restricted by imide group, the growing
radicals thus could not be easily terminated by both
monomolecular and bimolecular terminations.

Effect of tertiary amine of photo-initiator on the
polymerization

In this study, photo-polymerization initiated by dif-
ferent PIs was also discussed. Three PIs, TPO, 1907,

{a) TPO

mobile radical

KUO, CHIU, AND DON

and 1369, were used to initiate the polymerization of
B2. As shown in Figure 10, it was found that the R,
by TPO was the largest one in these three, and R,
decreased in the order of TPO > 1907 > I369. From
this result, it was expected that there should be the
same trend of R;, yet the k; decreased in the order of
TPO > 1369 > 1907. Although the k;s of TPO and
1369 were close, the R, by [369 was much smaller
than that by TPO. In view of this, we believe that
fze0 Was relatively small.

Because 1907 and I369 contain tertiary amine
group, we believe that the mobility of the generated
primary radical from PI was retarded by zwitterionic
interaction from the COOH of B2 and tertiary amine
group of 1907 and 1369 (shown in Scheme 2)°°?!
which reduced the initiator efficiency and R,. This
deduction can be further confirmed by observing the
concentration of growing radicals and initiator effi-
ciency of different PIs during polymerization.

In this study, the frpo was assumed to be 0.3 and
the value of [P;] of B2 initiated by TPO was esti-
mated and shown in Figure 9. The f and [P;] for
1907 and 1369 can be estimated according to the pro-
cedure as follows:

The values of [P*] for 1907 and 1369 were first cal-
culated from k,[P3] divided by k,; where k,[P7] for
1907 and 1369 were calculated from the R, divided by
the 1 — x; at the reaction time t during irradiation
(Fig. 10), and k, was taken from the curve of B2
shown in Figure 6. Because PI in reaction medium
was as low as 1 wt %, the kinetic constants such as k,,
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Scheme 2 Interaction between photo-initiators and resins with carboxylic acid group.
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Figure 11 The relationship between f and the extent of
reaction for the polymerization of B2 initiated by TPO,
1369, and 1907, respectively. The fTPO is assumed to be
0.3, and the values of fI369 and fI907 are calculated based
on the value of fTPO.

k!, and k" curves of B2 initiated by different Pls are
therefore assumed to be the same. After the values of
[Px] for 1907 and 1369 were calculated, figo; and fizeo
were then calculated by the following equation.

_ [PyJ(2kPy] + k")
f N de [I]Oe‘*kﬁt

(13)

where k! and k" values are taken from the curves of
B2 shown in Figures 7 and 8, respectively, k; is the
decomposition rate constant of PI, [I] is the concen-
tration of PI before UV irradiation, and t is the reac-
tion time during irradiation.

Figure 11 shows the relationship between f and
extent of reaction for the polymerization initiated by
different PIs. Obviously, fioo7 and fiz¢0 at initial stage
of polymerization were smaller than frpo, especially
for fizee. It could be explained by the occurrence of
the zwitterionic interaction from the COOH of resin
and tertiary amine group of primary radicals, which
retarded the mobility and efficiency of the primary
radicals. The fize0 at initial stage of polymerization
was relatively low because both primary radicals
produced from I369 contained tertiary amine groups.
Compared with 1369, a higher f value for 1907 at ini-
tial stage of polymerization was observed because
one of the primary radical, benzoyl radical with a
methylthiol group, produced from 1907 did not have
tertiary amine group and it was still mobile to
induce polymerization although the other primary
radical, a-aminoalkyl radical, was strongly restricted
by zwitterionic interaction. In contrast to 1907 and
1369, the primary radicals produced from TPO were
not restricted by zwitterionic interaction because
they did not contain any tertiary amine groups.
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Therefore, frpo at initial stage of polymerization was
the highest of all.

Figure 11 also shows that the fio; and fiseo
decreased with extent of reaction, especially for 1369.
This can be explained by two factors: the increase in
viscosity of the reaction medium as reaction pro-
ceeded and the restricted mobility of primary radi-
cals by zwitterionic interaction. Therefore, the pri-
mary radical produced from PI, especially from 1369,
was not capable of inducing rapid polymerization of
the resin having COOH group.

As mentioned earlier in Figure 9, when using TPO
as PI, [P*] increased with extent of reaction due to
the reduced k¥ and k" as the viscosity of reaction me-
dium increased with polymerization. However, this
trend was not observed in Figure 12 when using 1907
or I369 as PI. Taking 1369 for an example, [P3]
increased from the beginning of polymerization,
reached a maximum, and finally decreased with
extent of reaction. It was because the severe drop in
frze0 Over the decrease in k¥ and k" with extent of reac-
tion. This figure also showed that [P;] decreased in
the order of TPO > 1907 > 1369, which was consistent
with the decreasing order of R, indicating that the R,
was largely dominated by f of PI. According to this
experiment, we can conclude that PI having tertiary
amine group is not suitable for initiating the polymer-
ization of resins having COOH group.

CONCLUSIONS

The influence of COOH and amino groups on the
photo-polymerization behavior of different kinds of
resins was studied. Compared with EPA, it is found
that R, and k, of resins having COOH, urethane,
amide, and imide functional groups are reduced
because the mobility of reacting species in the reac-
tion medium is restricted by hydrogen bonding
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Figure 12 The relationship between [P;] and the extent
of reaction of B2 initiated by TPO, 1369, and 1907, respec-
tively. The intensity of UV light is 1.3 mW/cm?.
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from these functional groups or rigid structure from
imide group. Both k! and k" are also reduced by
hydrogen bonding, but the largest decreases in k7
and k}" of resin for Bl are observed because the mo-
bility of growing radicals is strongly restricted by
imide group. In addition, it is found that the [P} ] of
B1 accumulates rapidly and is the largest in all res-
ins used in this study, since the rate of termination
in Bl is strongly restricted by imide group. There-
fore, R, of Bl is slightly improved even though its k,
is the lowest of all. Finally, the influence of different
PIs, TPO, 1907, and 1369, on the polymerization was
also studied. It is found that the 1907 and 1369 hav-
ing tertiary amine group are not suitable for initiat-
ing the polymerization of resins having COOH
groups because the mobility of primary radicals
from PIs and initiator efficiency are largely reduced
by the zwitterionic interaction between tertiary
amine and COOH groups.
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